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ABSTRACT Neurotransplantation has been used to ex- 
plore the development of the central nervous system and for 
repair of diseased tissue in conditions such as Parkinson's 
disease. Here, we examine the effects of direct injection into 
rat brain of human marrow stromal cells (MSCs), a subset of 
cells from bone marrow that include stem-like precursors for 
nonhematopoietic tissues. Human MSCs isolated by their 
adherence to plastic were infused into the corpus striatum. 
Five to 72 days later, brain sections were examined for the 
presence of the donor cells. About 20% of the infused cells had 
engrafted. There was no evidence of an inflammatory response 
or rejection. The cells had migrated from the injection site 
along known pathways for migration of neural stem cells to 
successive layers of the brain. After infusion into the brain, the 
human MSCs lost their immunoreactivity to antibodies for 
collagen I. Initially, the human cells continued to stain with 
antibodies to fibronectin but the region of staining with 
fibronectin was significantly decreased at 30 and 72 days. The 
results suggest that MSCs may be useful vehicles for auto- 
transplantation in both cell and gene therapy for a variety of 
diseases of the central nervous system. 



Over the last few decades, neurotransplantation has been used 
to explore the development, plasticity, and regeneration of the 
central nervous system (see ref. 1). Also, neurotransplantation 
has been used for the repair and functional restoration of 
diseased and damaged nervous tissue (2-13). In particular, a 
series of patients with Parkinson's disease have been treated 
with mesencephalic cells from human fetuses obtained from 6- 
to 9-week-old abortuses (4-8). Some of the patients have had 
significant improvement both in clinical symptoms and in the 
synthesis of dopamine as assayed by fluorodopa uptake by 
positron-emission tomography (4-7). However, obtaining the 
fetal tissue has presented major logistic and ethical barriers 
(see refs. 9 and 10). Also, only about 5-10% of dopaminergic 
neurons survive, apparently because of immune reactions (8) 
and because the fetal tissue is primarily dependent on lipid 
instead of glycolytic metabolism (9). For these reasons, at- 
tempts have been made to develop alternative cells such as 
fibroblasts (11), fetal astrocytes (12), and Sertoli cells (13) for 
neurotransplantation. Of all the donor cells tested for parkin- 
sonism, only astrocytes were found to both integrate and 
migrate (12). 

For therapy of Parkinson's disease, donor cells should be (i) 
easily available; (ii) capable of rapid expansion in culture; (Hi) 
immunologically inert; (iv) capable of long-term survival and 
integration in the host brain; and (v) amenable to stable 
transfection and long-term expression of exogenous genes such 
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as tyrosine hydroxylase (2, 3). One possible source of such cells 
is bone marrow. Several observations (see ref. 14) suggest that 
monocytes can cross the blood-brain barrier and contribute to 
the normal turnover of microglia. Recently, whole bone mar- 
row cells from male mice that were systemically infused into 
irradiated female adult mice were shown to make a small, but 
detectable, contribution to both microglia and macroglia of the 
brain (15). However, bone marrow transplantation has been 
only partially effective in treating central nervous system 
defects of genetic diseases (see refs. 16 and 17). Therefore, it 
is unlikely that brain lesions can be effectively treated with 
either bone marrow transplantation or systemic administration 
of marrow cells. In addition to hematopoietic stem cells, bone 
marrow contains stem-like precursors for nonhematopoietic 
cells such as osteoblasts, chondrocytes, adipocytes, and myo- 
blasts (18-20). The nonhematopoietic precursors have been 
variously referred to as colony-forming-unit fibroblasts, mes- 
enchymal stem cells, and marrow stromal cells (MSCs). Re- 
cently, we observed that systemic infusion of MSCs into 
irradiated 3-week-old mice was followed by the appearance of 
progeny of the donor cells in a variety of nonhematopoietic 
tissues (21, 22), including the brain (22). Here we examined the 
effects of direct injection of human MSCs into the brains of 
rats. 

MATERIALS AND METHODS 

Preparation of Donor MSCs and Astrocytes. Human MSCs 
(18-22) were grown from aspirates taken from the iliac crest 
of normal male and female volunteers 19 to 46 years old. 
Aspirates are diluted 1:1 with a-MEM/10% fetal bovine 
serum (FBS) and centrifuged through a density gradient 
(Ficoll-Paque Plus; 1.077 g/ml; Pharmacia) for 30 min at 
1,000 X g. The supernatant and interface were combined, 
diluted to about 40 ml with a-MEM/10% FBS, and centri- 
fuged. The nucleated cells were suspended at a concentration 
of 1 x 10 7 /ml in a-MEM/10% FBS and plated at 3 X 10 6 /cm 2 
in 25 cm 2 culture dishes. The cells are incubated for 3 days, and 
the nonadherent cells were removed by replacing the medium. 
After the cultures reached conf luency, the cells were lifted by 
incubation with 0.25% trypsin and 1 mM EDTA at 37°C for 
3-4 min. They were diluted 1:2 or 1:3 and replated. The 
procedure was repeated for 3-5 passages. Beginning with the 
second passage, 5 ng/ml of platelet-derived growth factor act 
(PDGF-AA; GIBCO/BRL) was added to the medium. For 
isolation of rat MSCs, tibias and femurs were dissected from 
8- to 12-week-old Lewis/SsNHsd female rats (Harlan- 
Sprague-Dawley). The ends of the bones were cut, and the 
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Table 1. Immunostaining of human MSCs and rat astrocytes 



Antibodies 


Dilution 


Human 
MSCs 


Rat 
astrocytes 


Fibronectin 


1:400 


+ + + 




(Sigma) 








Collagen I 


1:10 


+ + 




(Biodesign) 








HLA-ABC 


1:100 


+ + 




(Pharmingen) 








Vimentin 


1:40 


+ /- 


+ + + 


(Sigma) 








Glial fibrillary acidic protein 


1:20 






(Sigma) 








Galactocerebrosidase C 


1:50 


NA 




(Sigma) 








von Willebrand factor 


1:200 


NA 




(Sigma) 








NA, not assayed. 
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marrow was extruded with 5 ml of DMEM (GIBCO/BRL) by 
using a needle and syringe. Between 100 and 200 X 10 6 whole 
marrow cells were plated on 175-cm 2 tissue culture flask in 
DMEM/10% FBS. After 24 hr, the nonadherent cells were 
removed by replacing the medium. The medium was replaced 
every 2-3 days as the cells were grown to conf luency. The cells 
were lifted by incubation with 0.25% trypsin and 1 mM EDTA, 
passed three or four times, and stored frozen. 

Primary cultures of astrocytes (23) were obtained from 
brains of albino Sprague-Dawley adult rats (Harlan— Sprague— 
Dawley). After decapitation, the brains were removed under 



Days 



Fig. 1. Effect of PDGF-AA on growth of human MSCs. Values are 
means ± SD (n = 3). control; a, 1 ng/ml PDGF; 5 ng/ml PDGF; 
10 ng/ml PDGF. 

aseptic conditions and floated in cold PBS over ice. The 
meninges and brain stem were removed and discarded. The 
forebrain was mechanically dissociated into small pieces, and 
the tissues were incubated at 37°C for 30 min in 2.4 units/ml 
of dispase (GIBCO/BRL). At 10-min intervals, the tissue was 
dissociated by flushing through a large bore pipette. The 
dissociated tissue was centrifuged, and the supernatant was 
discarded. The residue from each brain was suspended in 
a-MEM and plated in two 175-cm 2 culture flasks in a-MEM/ 
10% FBS. Nonadherent cells and debris were removed by 




Fig. 2. Photomicrographs that demonstrate some of the morphological characteristics of MSCs and astrocytes in culture, a and b demonstrate 
two types of human MSCs, flat and elongated, c demonstrates the similar morphology of rat MSCs. d shows fluorescent labeling of nuclei of human 
MSCs immediately before implantation, e and/ demonstrate indirect immunofluorescent staining of astrocytes with antibodies against vimentin 
and glial fibrillary acidic protein, respectively. (Magnification: a, b and c, X20; d, X10; e and/, X40.) 
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Fig. 3. Photomicrographs that demonstrate sites of implantation of bone MSCs in the striatum of adult rats, (a) Site of implantation of human 
MSCs after 14 days. Arrows indicate needle track. Hemotoxylin and eosin stain, (b) Adjacent section to a stained with antibodies to HLA-ABC 
(c) Adjacent section to a examined for nuclear fluorescence of human MSCs. Arrows indicate needle track, (d) Site of implantation of human MSCs 
after 72 days. Section examined for nuclear fluorescence, (e) Same as d 30 days after implantation, (f) Site of implantation of rat MSCs 14 days 
after implantation. Examined for nuclear fluorescence. (Magnification: a and b, X10; c-f, X4.) 



changing the medium after 48 hr, and then every 4 days for 
about 2 weeks until the cultures were confluent. To remove 
loosely adherent cells, the confluent cultures were treated with 
2.4 units/ml dispase for 15 min at 37°C, and shaken on a rotary 
shaker at 120 rpm for 2 hr. The detached cells were discarded. 
Fresh media was added to the adherent cells, and the cultures 
were reincubated for 24-48 hr. The treatment with dispase was 
repeated three times over a period of about 1 week. One to 2 
hr before implantation, the cultures were washed three times 
with sterile buffered saline and lifted by incubation with 0.25% 
trypsin for 1-3 min. Trypsin was neutralized by adding media 
containing 20% serum, and cells were isolated by centrifuga- 
tion. The cells were suspended as a slurry of about 10,000 cells 
per /xl in a-MEM without serum. 

For antibody staining, the cells were subcultured in cham- 
bered slides. To label the nuclei fluorescently, the MSCs and 
astrocytes were incubated with 1 /xg/ml ta-benzamide (Sigma) 
for 24 hr before implantation. 

Neurotransplantation of the Cells. Adult Sprague-Dawley 
albino rats (200-300 g) were anesthetized in a sealed chamber 
using 3% halothane in oxygen. Anesthesia was maintained by 
intramuscular injection of a mixture of 6 mg/kg of xylozine and 
60 mg/kg of ketamine. The animals were transferred to a 
sterotaxic apparatus in a clean field. A 2- to 5-mm incision was 
made in the scalp 2 mm lateral to the bregma. A burr hole was 
made in the bone 3 mm lateral to bregma with a dental drill, 
and about 10 jal of the cell suspension was slowly injected over 
30 min into the striatum at a depth of 4-5 mm from the surface 
of the brain. The wound was closed with interrupted surgical 
sutures, and the animals were treated with 0.6 mg/kg of 
xylozine and 6 mg/kg of ketamine. After 5, 14, 30, and 72 days, 
rats were sacrificed by intracardiac perfusion under deep 
anesthesia with xylozine and ketamine. The perfusion was with 



ice-cold PBS, followed by 3% buffered paraformaldehyde and 
then by 10% sucrose. The brains were removed, the forebrains 
were trimmed, and the samples were immediately frozen. 

Immunohistochemical Staining. Ten micron tissue sections 
were prepared with a cryostat. The transplant site was located 
by microscopically identifying the fluorescently labeled cells in 
the tissue sections. Frozen sections were attached to gelatin- 
coated slides and were quickly immersed in cold acetone for 5 
min and stored at -20°C for further processing. Cells in 
chambered slides were fixed with acetone for 5 min. Immu- 
nocytochemistry was performed at room temperature. Cells 
and tissue sections were treated with blocking antibodies of 2% 
goat serum and 5% FBS for 30 min. In experiments requiring 
the labeling of collagen and vimentin, the cells were further 
treated with Triton X-100 for 30 min and rinsed in PBS. 
Primary antibodies were applied (see Table 1) for 1-2 hr in 
chambered slides and 24 hr for tissue sections. The secondary 
antibodies were species-specific IgGs coupled to either fluo- 
rescein isothiocyanate or rhodamine. 

Fluorescently labeled cells were visualized and photo- 
graphed using a fluorescent microscope. The number of 
fluorescently labeled nuclei were counted in 8-10 tissue 
sections cut from rostral to caudal limits of the striatum. The 
procedure was repeated on each brain by two individuals who 
used alternate sections. Only the clearly labeled nuclei were 
counted. Dead and lysed cells left a bluish hue in the sur- 
rounding tissue and no clear nuclear staining. The observed 
numbers were extrapolated to total number of sections to 
estimate the number of surviving engrafted cells. 

RESULTS 

Donor MSCs and Astrocyte Precursors. MSCs from human 
bone marrow were isolated by their adherence to plastic and 
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Table 2. Recovery of f luorescently labeled human MSCs from 
rat brain 

Days after infusion Labeled cells per brain 

5 27,300* 
14 30,200 
30 41,800 
72 19,900 

*Total counts on alternative sections by two different observers 
differed by less than 20%. 

grown for 3-5 passages. As indicated in Fig. 1, addition of 
PDGF-AA increased the growth rate of the cells. Therefore 
PDGF-AA was added to passages 2-5 to obtain adequate 
numbers of human MSCs for the experiments here. The rat 
MSCs grew adequately without addition of PDGF-AA (not 
shown). The astrocytes also were isolated by their tight ad- 
herence to tissue culture plastic. The cells were harvested after 
primary culture for about 3 weeks. As indicated in Table 1, the 
human MSCs stained heavily for fibronectin, collagen I, and 
human HLA-ABC. The rat astrocytes stained poorly for 
fibronectin and were negative for collagen I and human 
HLA-ABC. In contrast, the human MSCs were stained faintly 
for vimentin and were negative for glial fibrillary acidic protein 
whereas the rat astrocytes were positive for both. The rat 
astrocytes were also negative for von Willebrand factor and 
galactocerebrosidase C. 

As noted previously (see ref. 24), the human MSCs became 
relatively homogeneous in appearance as the cells were passed. 
However, two distinct populations were seen, large flattened 
cells and relatively elongated or spindle-shaped cells (Fig. 2 a 
and b). The rat MSCs had a similar morphology (Fig. 2c). The 
rat brain astrocytes were more dendritic in appearance (Fig. 2 
e and f). 

Survival of the Cells After Injection in the Striatum. The 

MSCs and the astrocytes were injected in the corpus striatum 
of rat brains using minimal perfusion pressure. Five to 72 days 



later, the rats were killed and the brains were sectioned. 
Examination of sections stained with hemotoxylin and eosin 
indicated that there was no significant gliosis or infiltration of 
leukocytes around the implantation site of either the rat 
astrocytes (not shown) or the human MSCs (Fig. 3a). Fluo- 
rescently labeled cells were readily detected in the brain 
sections. As noted previously (12, 23, 25), the rat astrocytes 
readily engrafted (not shown). Similar results were obtained 
with the rat (Fig. 3/) and human MSCs (Fig. 3 b~e). As 
indicated in Table 2, from about 20,000 to 42,000 of the human 
cells were present in the brains. Because the number of cells 
injected varied from 100,000 to 120,000, about 20% of the 
infused human MSCs were recovered after 5 to 72 days. There 
appeared to be a decrease in number recovered between days 
30 and 72. With the rat MSCs, 33,000 cells or about 30% were 
recovered 14 days after the infusion (Fig. 3/). 

Migration of the Implanted Cells. Implanted rat astrocytes 
migrate through layers of the brain (12, 25) in a manner similar 
to the migration seen with implanted neural stem cells or with 
a transformed line of neural stem cells (see ref. 1). Here it was 
found that MSCs migrated in a similar fashion. The donor cells 
were found in multiple areas of the brain including the 
contralateral cortex (Fig. 4). The cells persisted in the sites to 
which they migrated. The heaviest concentration of cells was 
found around the rostrocaudal axis in the striatum and along 
the corpus caJlosum. There were fewer cells in the cerebral 
cortex. Clusters of labeled cells consistently were observed in 
the temporal lobe regions at all time points examined. At day 
72, fewer cells were found in the outlying cortical regions, an 
observation consistent with the apparent decrease in cell 
number between days 30 and 72 (Table 2). 

Immunohistology of the Implanted Cells. Immunostaining 
of sections demonstrated that the engrafted human MSCs also 
were detected with antibodies to HLA-ABC (Fig. 3b). Al- 
though the human MSCs stained with antibodies to collagen I 
before implantation (Fig. 5a), no staining with the same 
antibodies was seen after implantation (not shown). Staining 



CAUDAL 




ROSTRAL 



Fig. 4. Line drawings of rat forebrain demonstrate the extent of migration of human MSCs and astrocytes after implantation in the striatum 
of the rat at the level of bregma. The drawing is a composite from brains examined at 4, 14, 30, and 72 days after the cell infusions. The pattern 
of implantation and migration of human MSCs is similar to that of rat astrocytes. The outlying cells, located in the temporal cortex and areas of 
corpus callosum farthest from the injection sites, were first to disappear. •, clusters of human MSCs; O, clusters of rat astrocytes. 
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Fig. 5. Photomicrographs that demonstrate staining with antibodies to collagen I and fibronectin. (a) Human MSCs in culture stained for 
collagen I. (b) Same stained for fibronectin. (c) Section of rat brain stained for fibronectin 5 days after implantation of human MSCs. Arrows indicate 
deposits of fibronectin. (Magnification: a and b, X20; c, X4.) 



with antibodies to fibronectin was observed before implanta- 
tion (Fig. 5b) and 5 days after implantation (Fig. 5c). At 30 and 
72 days, the areas staining with the fibronectin antibodies was 
markedly decreased (not shown). 

DISCUSSION 

The results here demonstrate that human MSCs infused into 
rat brain can engraft, migrate, and survive in a manner similar 
to rat astrocytes. Rat astrocytes were shown previously (12, 23, 
25) to be similar to neural stem cells in that they migrate along 
known pathways and are incorporated into successive layers of 
the brain. Therefore, astrocytes isolated by their adherence to 
plastic partially mimic stem cells of the neuroepithelium that 
migrate from the subventricular zone and then differentiate 
into astrocytes, oligodendrocytes, and laminar-specific neu- 
rons (1). The process of migration and differentiation occurs 
rapidly in the early development of the brain and continues at 
a much slower rate in the adult brain (26). The results here 
indicate that at least a subset of the cells that are isolated from 
bone marrow by their adherence to plastic also can participate 
in the same pathway. The engraftment and migration of MSCs 
presents a marked contrast to fibroblasts that continue to 
produce collagen and undergo gliosis after neural implanta- 
tion (27). 

Human MSCs isolated by their adherence to plastic are not 
homogeneous but the cells become more homogeneous in 
appearance (24) and lose hematopoietic markers such as the 
pan-leukocyte epitope CD45 (28, 29). The relatively large 
recovery of 20% of the infused cells indicates that either a large 
fraction of the MSCs survived or a small subset of the MSCs 
had a high potential to proliferate in the host micro- 
environment. After injection, the human MSCs lost their 
immunoreactivity to antibodies of collagen I. Five days after 
the infusion, the human MSCs continued to stain heavily with 
antibodies to fibronectin, a protein whose synthesis is fre- 
quently increased in cell culture. However, the region of the 
brain staining for fibronectin was significantly decreased at 30 
anoV 72 days, an observation suggesting that the synthesis 
decreased and some of the protein may have been degraded. 
There was no evidence of an inflammatory response or 
rejection of either the rat or the human MSCs. This observa- 
tion may be explained by the brain being a partially privileged 
site for transplantation and by the partially impaired immune 
status of albino rats. Also, it may in part be explained by the 
observation that human MSCs as prepared here are negative 
for HLA class II antigens (G. Kopen and D. Phinney, personal 
communication). 



The results here supported previous suggestions that 
MSCs may be useful vehicles for both cell and gene therapy 
for a variety of diseases (19, 21, 22). MSCs have several 
advantages as cells for neurotransplantation. In particular, 
they can be readily obtained from bone marrow and ex- 
panded in culture. Also, a patient's own MSCs can be used, 
thus circumventing the problems of host immunity and graft 
versus host disease. In addition, the cells can be genetically 
engineered (30, 31). However, if they are similar to neural 
stem cells and acquire the phenotype of mature neural cells 
(1), gene engineering may not be necessary for their use in 
some diseases. 
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